Standard and ion-sensitive microelectrodes were used to identify the basis of electrophysiologic changes that occur in canine cardiac Purkinje fibers superfused with "ischemic" solution (40 min) and then returned to standard Tyrode's solution. Maximum diastolic potential (EMDP) decreased (-92.6±2.4 to -86.0±4.0 mV; n = 19; P < 0.001) during exposure to "ischemia," and after reperfusion, rapidly hyperpolarized to -90.0±4.7 (2 min) and then depolarized to -47.0±7.5 mV (10 mnu; P < 0.001). No significant change in intracellular K activity (ak) was noted throughout. Extracellular K activity (ak) changed only during reperfusion, reaching a nadir at 5 mmi (3.5±0.4 to 2.6±0.5 mM, P < 0.03), and thus can not account for the decrease in EMDP during reperfusion. Mean aON. increased (8.7±1.3 to 10.9±1.9 mM; n = 10; P < 0.01) during ischemia, but rapidly declined during reperfusion to 5.1±2.2 mM (10 min; P < 0.01). Exposure to acetylstrophanthidin (4-5 X 10-' M) during the final 10 min of ischemia increased aON, to 19.9±3.8 mM (a = 5), which was unchanged at 5 min of reperfusion. This suggests that Na-K pump inhibition during ischemia was minimal and that the pump was stimulated early during reperfusion, accounting for the initial transient hyperpolarization. Resting tension did not change significantly during exposure to ischemia; however, return to control Tyrode's solution caused a marked rise to 11.3±9.9 mg/mm2 (a = 13, P < 0.001). This is consistent with a calcium overload state during reperfusion. The depolarization seen during reperfusion may result from activation of a Ca-activated, nonselective cation channel or enhanced electrogenic Na/Ca exchange.
Introduction
The electrophysiologic and metabolic consequences of myocardial ischemia and postischemic reperfusion injury have been the subject of intensive investigation (1) (2) (3) (4) (5) ), yet our understanding of the ionic perturbations resulting from these pathologic states is limited by the techniques available to measure ionic changes during interruption of tissue perfusion. Measurements of total ionic content do not truly reflect changes in the thermodynamically active fraction of intracellular ions, since redistribution of ions between various subcompartments of a cell may occur. Yet measures of intracellu-1ar ion activity using methods such as ion-selective microelectrodes are difficult to apply to experimental models of ischemia. Furthermore, heterogeneity in regional myocardial blood flow and in the degree of extracellular K+ accumulation between the center and edge of the ischemic zone occurs following coronary artery ligation (6) , potentially limiting the evaluation of underlying mechanisms of in vivo models of myocardial ischemia. To circumvent these limitations, some investigators have chosen to examine individual components ofischemia, allowing for a more meaningful temporal analysis of the underlying events.
The consequences of tissue underperfusion are well known. They include depletion of vital metabolic substrates such as glucose, 02, and high-energy phosphates, and accumulation of metabolites such as lactate, inorganic phosphate (Pi), ADP, H+ within the cell, and K+ within the extracellular space. In an effort to characterize and measure the ionic, metabolic, or hemodynamic changes, investigators have employed experimental models involving hypoxia, acidosis, hyperkalemia, and glucose depletion, alone or in combination.
Ferrier et al. (7, 8) recently described a model of ischemia and reperfusion wherein canine false tendons were exposed to hypoxia, lactic acidosis, and glucose-free conditions. "Ischemic conditions" caused a depolarization. Upon "reperfusion," preparations demonstrated transient hyperpolarization, progressive depolarization to inexcitability, and final repolarization to control values. The depolarization phase was accompanied by oscillatory afterpotentials, which initiated extrasystoles. Recent experiments from our own and other laboratories suggest that this model might also be relevant for arrhythmias occurring during reperfusion after brief periods of occlusion.
Although initially one might presuppose that disturbances in K-channel permeability and/or Na-K pump activity underlie many of the electrophysiologic changes, it is likely that disturbances of other ionic permeation pathways as well as other membrane transporters also underlie the electrophysiologic abnormalities seen in both phases ofthe model. As a necessary first step in identifying the potential scope of the abnormalities, we set out to characterize in detail changes in intracellular and extracellular cation (Na', H+, K+) activity and to correlate these changes with the electrophysiologic and mechanical changes observed in this ischemia and reperfusion model. Such information should help elucidate the basis of the electrophysiologic changes that occur during both ischemia and reperfusion.
Methods
Tissue preparations. Adult mongrel dogs weighing [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] A pH/gas analyzer (model 113, Instrumentation Laboratory, Inc., Boston, MA) was used to measure the Po2 and pH of all solutions.
Microelectrodes. Conventional microelectrodes for recording transmembrane potential were constructed from single-barreled borosilicate glass capillary tubes (1.2 mm o.d., 0.9 mm i.d.) heat-drawn to a resistance of 15-20 Mg, backfilled with 3 M KCI, and beveled to a predetermined resistance. Ion-selective microelectrodes for measuring intracellular ionic activity of Na+ (aNa), H+ (pH,), or K+ (ak) were constructed in a manner similar to that of other investigators (9) (10) (11) (12) . Briefly, heat-drawn, single-barreled glass capillary tubes were silanized using trimethylsilyldiethylamine (Sigma Chemical Co., St. Louis, MO) in a 100% N2 environment and 150°C vacuum oven. Microelectrode blanks were backfilled under pressure with the appropriate electrolyte solution (Na+, 300 mM NaCI; H+, 40 mM NaH2PO4,15 mM NaCl, 23 mM NaOH, pH 7.0; K+, 500 mM KCI), beveled to a predetermined resistance, and filled with the appropriate ion-exchange resin (Na+, ETH 227; H+, N-TDDA; K+, Corning 477317) by negative pressure.
Voltage recorded from conventional and ion-selective microelectrodes, the difference signal, and tension were monitored simultaneously on an oscilloscope and recorded on a Gould 2400S chart recorder (Gould Instruments, Inc., Cleveland, OH). (13, 14) .
Calibration was performed for each microelectrode at 370C before and after use in each experiment using seven mixed ion solutions with constant total ionic strength (150 mM) and five pure ion solutions as described by Lee (15) . The preparation of mixed calibrating solutions was adjusted to select concentrations ofthe principal ion that fell above and below the concentration range of interest. The same reference ground was used for the calibration procedure as for the experiment. The slope was calculated from single electrolyte solutions containing the primary ion and selectivity coefficient from comparison ofvoltages in pure ion and mixed ion solutions. A single activity coefficient value of0.75 was assumed for K+ and Na' in mixed solutions (15) Limitations ofstudy. The experimental model used in these studies was designed to simulate some of the known effects of myocardial ischemia (7, 8) . It is clear, however, that the conditions imposed in these experiments differ from true ischemia in several important respects. Superfusion of isolated tissue with modified electrolyte solutions containing reduced Po2 results in washout of many metabolites that would accumulate in a closed system such as amphiphiles, free radicals, purine nucleotides, and extracellular K+ (16, 17) . Secondly, the Purkinje fibers were not exposed to circulating catecholamines and free fatty acids (16) . Thirdly, in myocardial ischemia due to coronary occlusion, Purkinje fibers are exposed to an unknown ionic environment as they continue to be bathed in intracavitary blood, despite the interruption of their perfusion after occlusion. Fourthly, the imposition ofextracellular acidosis generates a steep inwardly directed proton gradient, which is directionally opposite to the outwardly directed proton gradient that occurs during ischemia. Nonetheless, the similarities between the electrophysiologic derangements reported in this study and (Fig. 3 A) .
Extracellular K+ activity was 3.5±0.4 mM (n = 6) under control conditions, and small changes during imposition and recovery from combined hypoxia-lactic acidosis were seen (Fig. 3 A) . Immediately after return to control Tyrode's solution, a small but significant transient fall in aK was observed (2.6±0.5 mM, 5 min, P < 0.03). Thereafter, aK began to rise, reaching peak values of 4.3±0.7 mM by 25 min.
Because ak and ak were not measured simultaneously in the same preparations, EK was calculated using the mean values at each time interval (Fig. 3 B) Fig. 4 . The mean control a'Na in 10 preparations was 8.7±1.3 mM (Fig. 4) hypoxia nor lactic acidosis alone resulted in the sequence of electrophysiologic events seen when combined (solution II).
To examine whether the electrophysiologic and mechanical changes observed after return to control state from combined hypoxia-lactic acidosis could be related to the rapid and marked changes in pHi, seven preparations were exposed to Tyrode's solution V for 30 min (Fig. 6) . Exposure of fibers to pHo of 5.6-5.7 caused intracellular pH to fall from 7.06±0.03 to 6.52±0.1 1 (P < 0.001). Return to control conditions caused a rapid normalization and overshoot in pH, similar to that seen after recovery from solution II, but preparations did not exhibit a decrease in EMDP or a loss of excitability. Resting and twitch tension. Because of the experimental system utilized, absolute values of resting tension (RT) were difficult to accurately quantitate. Therefore, we analyzed the relative change in resting tension corrected for cross-sectional area (RTC). Control values prior to exposure to combined hypoxia-lactic acidosis were designated as zero. Upon initial exposure to solution II, RT, rose slightly by 0.67±1.77 mg/mm2 and then declined steadily, but these fluctuations were not significant (Fig. 7) . Upon return to control Tyrode's solution, there was a marked rise in RTr to a peak of 11.3±9.9 mg/mm2 (n = 13, P < 0.001). Thereafter, RTC slowly declined but had not returned to control levels even after 50 min. Early in the recovery period, oscillations in resting tension or aftercontractions were observed throughout diastole (Fig. 2) EMDP cannot be attributed to a redistribution of K+ across the sarcolemma, as EMDP-EK increased from 7.8 to 48.9 mV, but may be due, instead, to an increase in inward current. Two possible mechanisms to be considered are an increase in permeability to another cation via the transient inward current or an increase in electrogenic Na-Ca exchange (19, 20) . At the end of reperfusion, both EMDP and EMDP-EK had returned toward control values.
Changes in a'a. We have shown a 25% (2.2 mM) rise in ac4a during 40 min of exposure to hypoxia, lactic acidosis, and glucose depletion. Similar findings were reported in guinea pig papillary muscles subjected to hypoxia, respiratory acidosis, and glucose-free solutions, albeit with a faster rise in aia noted (21) . The rise in a.~a seen in our study could be the result of reduced active efflux through inhibition of Na-K ATPase activity secondary to hypoxia or acidosis (22, 23) or an increase in passive influx mediated by Na-Ca exchange, Na-H exchange, or a nonselective cation channel. While profound extra-and intracellular acidosis as documented in these experiments could inhibit the Na pump, the failure of ak to rise in conjunction with the rise in ai.a and the ability of strophanthidin to cause a further marked increase in aNa immediately before the end of combined hypoxia-lactic acidosis indicates that Na-K ATPase inhibition, if present at all, is far from complete. Further, the Na-Ca exchanger is unlikely to contribute to the rise in ai , as it is inhibited by a fall in pHi which should lead to a decrease in Na influx via the Na-Ca exchanger. Thus, in the absence of a significant increase in
[Ca2+]i it is difficult to attribute an increase in aC4a to the Na-Ca exchanger. As a reduction in pHo has been shown to cause a fall in aNa (24) , the Na-H exchanger is unlikely to contribute to Na influx early during exposure to solution II. However, as pHi continues to fall (Fig. 5) , Na influx via the Na-H exchanger would be expected to increase and contribute to the rise in aNa. Of considerable interest is the very rapid decline in aNa commencing almost immediately upon reintroduction of oxygen and normal pH. This fall in aNa begins simultaneously with the hyperpolarization of EMDP, fall in a'4, and rapid increase in pH,, pointing toward stimulation of Na-K pump activity. Enhanced Na-K pump activity is likely due to the reestablishment of aerobic metabolism, reduction in Pi and rapid pHi recovery in the presence of an elevated adNa. We attempted to test this hypothesis by adding acetylstrophanthidin (4-5 X 10' M) to the ischemic solution 10 min before reperfusion with control solution. While identification of the appropriate concentration that inhibited the Na pump yet did not irreversibly damage the fiber proved difficult, the concentration selected demonstrated that the fall in a'a during reperfusion was delayed. This observation in conjunction with the observed decline in ak indicates that the early fall in a'a during recovery was due to enhanced Na-K pump activity.
While stimulation of the Na-K pump may contribute to the initial rapid fall in aNa, it does not adequately explain both the continued decline in a'a below control values, as well as the nadir of aNa occurring 5 min after the corresponding nadir for ak. Other contributing factors may include an increase in cell water, which dilutes sarcoplasmic Na content (2) , an increase in Na-Ca exchange, or a decrease in Na influx due both to a loss of excitability and to a loss of driving force resulting from membrane depolarization. If the changes were to be at-tributed solely to changes in cell volume or water, then an increase of nearly 100% would be required, and ak should also have reflected this dilutional effect, but this was not observed. As the membrane begins its depolarization 2-5 min after recovery from the combination of hypoxia-lactic acidosis and glucose depletion, the rise in pHi would be expected to enhance the activity of the Na-Ca exchanger (25) . On the other hand, using our measurements of Vm and aNa to calculate the electrochemical driving force (assuming a stoichiometry of 3Na: lCa and equilibrium conditions) on the exchanger during the first 15 min of recovery, a fall in ach and thus Na influx is predicted. However, the absence of continuous measurements of ah and the relative fluxes of Na and Ca through each ofthe transport pathways precludes an accurate estimation of the contribution of the Na-Ca exchanger to the fall in a1.a.
Intracellular pH. Control values of pH, were found to be similar to those reported by other investigators (26) (27) (28) and were higher than would be predicted from simple passive distribution resulting from the electrochemical gradient across the cell membrane. This transsarcolemmal proton gradient is maintained primarily by Na-H exchange, although there remains some controversy regarding the relative importance of the Cl-HCO3 transport mechanism (29) . Hypoxia alone evokes a gradual but progressive and modest decline in pH, (Fig. 5 (35, 39) and in intact muscle (40) . Thus, in this model, the observed negative inotropic effect of hypoxia, lactic acidosis, and glucose depletion on twitch tension is due to at least two factors affecting Ca2" sensitivity of the myofilaments.
Upon recovery from hypoxia-lactic acidosis, there is a dramatic rise in resting tension. The extent to which this increase in tension reflects a marked rise in ah, as opposed to a reduction in the inhibitory effect of Pi and Hi+ on the Ca2" sensitivity of the myofilaments, will need to be ascertained by measurement of free calcium concentration (26, 41) . Although it is likely that both mechanisms are involved, our observations support an increase in a& due to the appearance of oscillatory afterpotentials and aftercontractions during the onset of the recovery period. The increase in a& has been shown under experimental conditions to result in a transient inward current, which some have attributed to inward cation movement through a calcium-activated nonselective cation channel. In fact, two such channels have been identified and tentatively linked to the transient inward current (42, 43) . Activation of such a channel early during the reperfusion phase could explain the dramatic depolarization and marked deviation of EMDP from EK.
While the discussion thus far has focused on the potential mechanisms underlying the changes in Vm, aiNa, aK, pHi, and tension, our data do not allow us to conclude which ionic translocation represents the primary derangement in this model. Indeed it is likely that a series of interrelated changes occur throughout both phases of this model. One might speculate that the elevation in ak at the end of the ischemic phase is a prime determinant of the changes that follow the onset of reperfusion. The rapid rise in pHi and washout of metabolites enable the Na-Ca exchanger and Na-K pump to respond to the elevated aNa and augment their activity to reduce a'Na toward control values. It is difficult to determine the role that the exchanger plays in the reperfusion phase since the electrochemical gradient and fraction of total Na and Ca fluxes carried by it across the sarcolemma are unknown. However, we do not wish to imply that the exchanger could not play an important role in initiating intracellular Ca2+ overload during reperfusion. The dramatic increase in resting tension argue for an increase in myofilament sensitivity to calcium as pHi rises as well as a further increase in cytosolic calcium probably resulting from calcium release from the sarcoplasmic reticulum. The increase in intracellular free calcium concentration could in turn activate a nonselective cation channel, leading to an inward current and membrane depolarization. The magnitude of the cY1a increase during ischemia and the extent to which this increase is dissipated by the Na-K pump may very well help determine the degree of calcium loading during reperfusion and may explain the increased sensitivity of Purkinje fibers to acetylstrophanthidin. In summary, we have shown that in this model of ischemia-reperfusion the late reduction in EMDP during exposure to a perfusate simulating ischemia does not result from the redistribution of K+ across the sarcolemma. After reexposure to control perfusate, the initial early hyperpolarization likely results from enhanced Na pump activity. The subsequent depolarization follows and parallels the dramatic rise in resting tension. The rise in resting tension suggests that free intracellular calcium increased, which should in turn activate the Ca2l-activated nonselective cation channel and result in a depolarizing current. The potential role that the Na-Ca exchanger might play during reperfusion is discussed. Separation and quantification of the time course of these different ionic mechanisms awaits the outcome of future experiments.
